Photoelectrochemical (PEC) water splitting into hydrogen and oxygen is a promising strategy to absorb solar energy and directly convert it into a dense storage medium in the form of chemical bonds. The continual development and improvement of individual components of PEC systems is critical toward increasing the solar to fuel efficiency of prototype devices. Within this context, we describe a study on the growth of wurtzite indium phosphide (InP) nanowire (NW) arrays on silicon substrates and their subsequent implementation as light-absorbing photocathodes in PEC cells. The high onset potential (0.6 V vs the reversible hydrogen electrode) and photocurrent (18 mA/cm 2 ) of the InP photocathodes render them as promising building blocks for high performance PEC cells. As a proof of concept for overall system integration, InP photocathodes were combined with a nanoporous bismuth vanadate (BiVO 4 ) photoanode to generate an unassisted solar water splitting efficiency of 0.5%.
I ncreasing fossil fuel consumption and the resulting environmental damage have propelled many efforts in clean energy research. Solar power is among the most promising of such clean and renewable energy sources. However, due to the intermittent nature of sunlight and the temporal mismatch between solar energy flux and peak power consumption, a method for capturing and transforming sunlight into an energy dense storage medium must be realized. To this end, photoelectrochemistry (PEC) offers a potential avenue of doing so by using solar power to split water into oxygen and hydrogen, which can subsequently be used as an energy storage medium, fuel source, or chemical feedstock. 1 One promising strategy toward PEC solar fuel generation is the utilization of a Z-scheme method. 2−11 This is a biomimetic approach that simulates photosynthetic systems consisting of a tandem, dual absorber configuration ( Figure 1A) . The primary advantages of using two separate light absorbers to carry out the reduction and oxidation reactions include (1) each light absorber is required to possess appropriate band edge positions only for the relevant hydrogen evolution reaction (HER) or oxygen evolution reaction (OER), (2) each light absorber needs to be stable only under the reducing or oxidizing conditions that it operates, (3) the voltage required to split water (practically ∼1.7 V) can be provided by the combination of the two light absorbers, and (4) the band gaps for the light absorbers can be selected to efficiently take advantage of separate parts of the solar spectrum, thus enabling a higher solar to fuel efficiency compared to using only a single light absorber. 3, 12 A multicomponent Z-scheme PEC cell can be treated as a modular system in which each building block (light absorber, catalyst, electrolyte, membrane) can be individually modified, optimized and subsequently reintegrated to improve the device as a whole. One can estimate the efficiency of an integrated PEC system from the crossover of overlaid current−voltage (I− V) curves of the individual light absorber/catalyst components. 13 As illustrated in Figure 1B , the efficiency of conventional PEC systems typically suffers from a lack of photovoltage from commonly used photocathodes as well as from insufficient photocurrent from typical photoanodes. Within this context, the present work focuses on the development of an improved light-absorbing photocathode constituent. Indium phosphide (InP) is a promising candidate to replace commonly used silicon because it has a relatively narrow bandgap (1.35−1.42 eV) that can take advantage of a large portion of the incident solar spectrum and has been shown to exhibit exceptionally high voltages in PEC half cells. 14−17 The typically high carrier mobility and low surface recombination velocity of this material are beneficial for efficient charge separation and catalysis. 18, 19 Furthermore, only a small amount of InP is necessary to fully absorb incident solar radiation because of its direct band gap. Utilizing InP in the NW morphology offers the additional benefits of a high surface area for increased catalyst loading and decreased reflection of incident photons through light trapping effects. 20, 21 Moreover, the growth of InP NW arrays on silicon substrates as opposed to the commonly used InP substrates can make InP NW-based photocathodes more practical for scale-up by minimizing cost and material consumption.
In the following sections, we detail a study on the growth of InP NWs on silicon substrates. Following synthetic and structural analysis, we tune the InP NW electronic character by incorporating zinc (Zn) as a p-type dopant and proceed to study the material's optical and electrochemical properties. We next photodeposit platinum (Pt) HER catalysts onto the NWs Figure 1 . Modular Z-scheme PEC system is illustrated (A) in which individual light absorber and catalyst components can be systematically improved before reintegrating into the overall system. The performance of typical PEC integrated systems suffers from insufficient photocathode voltage and photoanode current (B). A protection layer (not shown) is occasionally present on the photocathode and/or photoanode surfaces. 
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RESULTS/DISCUSSION
Nanowire Growth. Indium phosphide has been previously synthesized using a variety of different methods, including solution phase synthesis, 22−26 phosphorization of indium films, 27,28 chemical vapor transport (CVT), 29, 30 laser ablation, 31 and chemical vapor deposition (CVD). 32−43 In this work, we pursued the CVD method since its growth parameters can be precisely fine-tuned and it offers a path to directly grow InP NWs on a conductive substrate. Degenerately doped, p-type, ⟨111⟩ Si was chosen as a cost-effective conductive growth substrate. This type of silicon would minimize substrate PEC contribution and facilitate the InP majority carrier transport through the PEC circuit. Though an ∼8% lattice mismatch exists between InP and Si, InP NWs have been previously grown with success on ⟨111⟩ Si substrates. 33, 36, 44 In this particular project design, we aimed to obtain InP NWs that were long enough to absorb the majority of above band gap radiation and wide enough to support a full built-in interfacial electric field with moderate doping concentrations.
With these design principles in mind, we developed a selfcatalyzed growth of InP NWs on ⟨111⟩ Si substrates with a metal−organic CVD (MOCVD) process incorporating trimethylindium (TMIn) and tert-butylphosphine (TBP) as indium and phosphorus precursors, respectively ( Figure 2A ). Detailed growth parameters are provided in the Experimental Methods section. We did not observe by scanning electron microscopy (SEM) an indium metal catalyst at the tip of the NW but rather a clean end-facet or a polycrystalline tip. The catalyst tip was likely either fully consumed during the growth or soon after the TMIn flow was turned off. Time-dependent growth analysis ( Figure 2B ,C) with 10 standard cubic centimeters per minute (SCCM) TMIn and 500 SCCM TBP precursor flows revealed that the growth begins with small needle-like structures that continually grow in the axial and radial directions linearly with time to generate larger, faceted NWs. By varying the growth time, the dimensions of the NWs can be tuned to span nearly 2 orders of magnitude in both the radial (0.03 to 3.08 μm) and axial (0.29 to 19.43 μm) dimensions.
Seeking to obtain a further understanding of the NW growth and to demonstrate an additional layer of synthetic tunability, we varied the TBP/TMIn ratio and studied the effects of this on the NW morphology. While keeping the TBP flow constant at 500 SCCM, we modified the TMIn flow and discovered that the primary effect was the modulation of the NW aspect ratio. Representative NWs from 20 min growth times utilizing TMIn flow rates of 3−30 SCCM are depicted in Figure 2D . The base diameter remained unchanged, whereas the axial growth rate increased with TMIn flow until nearly leveling out at flow rates of 15 SCCM ( Figure 2E ). This indicates that the TMIn component was crucial for axial growth. A TMIn flow is likely necessary to maintain a liquid indium catalyst at the growing NW tip and the presence of this catalyst accelerates the axial growth rate. The constant base diameter over the entire experimental TMIn flow range points to the TMIn component as not being the limiting factor for the sidewall growth rate under these conditions.
Next, while holding the TMIn flow constant at 15 SCCM, we decreased the TBP flow from 500 to 50 SCCM ( Figure 1F , right to left). Here, we discovered unusually shaped NWs that had a wide base yet terminated with a very thin (∼20 nm) end section. Although the TMIn was crucial for axial growth, under these synthetic conditions, TBP flow dictates radial growth 
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Article DOI: 10.1021/acsnano.6b02083 ACS Nano 2016, 10, 5525−5535 dynamics with sidewall growth initially occurring at the base of the NW. These experiments together support a dual growth mechanism, consisting of self-catalyzed axial growth in conjunction with uncatalyzed epitaxial sidewall growth. In a TBP-deficient regime, radial sidewall growth proceeds by beginning at the base of the NWs and is outpaced by the axial growth. A similar phenomenon was observed with InGaAs nanostructures in which a lower tert-butylarsine precursor flow resulted in asymmetric structures with a wide base and a thin needle-like tip. 45 Here, the authors attributed this to a result of increased group III adatom diffusion lengths under low group V precursor flows and, as a result, faster axial growth rates. It should be noted that the growth of InP NWs presented here is not confined to ⟨111⟩ silicon substrates; InP NWs were also successfully grown on ⟨100⟩ silicon, gallium nitride, and molybdenum substrates ( Figure S2 ).
Structural Characterization. We next utilized microscopic characterization methods to determine the crystallographic phase of the InP NWs. High resolution transmission electron microscopy (HRTEM) images ( Figure 3A Figure 3F ). X-ray diffraction (XRD) was utilized as a macroscopic structural measurement. The WZ phase was the primary contribution to the XRD spectrum, although a zincblende (ZB) component is also present ( Figure S3 ). This is likely due to a layer of InP ZB particles on the substrate that grow in conjunction with the NWs as well as from the NW tips, which occasionally terminate with a polycrystalline ZB layer.
InP adopts the ZB phase in the bulk but the WZ phase is commonly observed in InP nanostructures. This can be rationalized by the high surface to volume ratio of nanostructures; ZB is the thermodynamically preferred phase in the bulk but WZ has a lower surface energy due to a smaller density of surface dangling bonds. 37 Hence, InP NWs with diameters less than 25 nm typically adopt the WZ phase. Because the growth of our NWs initiates with thin needle-like seeds and proceeds to grow in an epitaxial fashion, the WZ phase is not unexpected. Beyond the initial stages of growth, the NWs are likely trapped in a metastable regime in which the WZ is no longer the lowest energy phase but a large energy input would be required to transform the crystal to the ZB phase.
An additional parameter that affects the resulting crystallographic phase of InP NWs is the V/III precursor ratio, with higher ratios commonly leading to the WZ phase. 46−50 This phenomenon has previously been exploited to gain precise crystallographic control of III−V NWs and to even grow periodically twinned NWs. 41 In these cases, the preferred formation of the WZ phase was attributed to effects of varied growth kinetics, catalyst supersaturation, surface energies, and precursor mass transport limitations. Often, high V/III precursor ratios lead to the WZ phase; our resulting NWs are grown with a typical V/III ratio of ∼1000, thus the WZ phase is expected.
Zinc Doping. Following the growth and structural studies, we proceeded to develop photocathodes from the InP NWs. For all subsequent studies, InP NWs with 15 SCCM TMIn, 500 SCCM TBP, and 20 min growth times were used. Because InP grows inherently n-type as a result of phosphorus vacancies and oxygen impurities, it is critical to introduce a p-type acceptor to render InP suitable for photocathode fabrication. 51−53 Zn was chosen as a p-type substitutional dopant because its ionization potential lies near the InP valence band, and it is the most commonly studied InP p-type dopant. 54 The as-grown InP NWs were doped with Zn via a thermal diffusion (400−700°C for 1 h under 10% H 2 /Ar) process using zinc phosphide both as a source of Zn and to maintain a phosphorus rich atmosphere during the doping process. 14 We note that the actual local temperature of the InP and Zn source is likely to be substantially lower than the set point of the tube furnace heat source. Further details are presented in the Experimental Methods section.
Optical Characterization. Steady-state photoluminescence (PL) and time-resolved photoluminescence (TRPL) measurements were performed on the as-grown and Zn-doped NWs. For this section, NWs doped with Zn at 550°C were measured since they were found to exhibit optimal electrochemical properties. Steady state PL spectroscopy of as-grown InP NWs reveals that they emit at a wavelength of ∼862 nm (1.44 eV) ( Figure 4A ). In addition to the primary emission peak, a lower energy shoulder is present. This phenomenon is consistent with previous measurements of InP in the WZ phase and is attributed to valence band splitting in the band structure. 55−59 Zn-doped NWs feature a red-shifted emission at ∼878 nm (1.41 eV). A possible explanation for this could be radiative emission from a donor−acceptor transition. 60 To further probe the optical properties of both types of NWs, we examined their PL emission via time-resolved measurements. We measured the lifetime of the NWs across 6 orders of magnitude of excitation intensity. The purpose of this was to glean information about the excited state recombination dynamics. For both types of NWs, the PL decay curves could be fit with a biexponential decay pattern ( Figure 3B ). Biexponential decays in semiconductor materials typically indicate the presence of a faster defect or surface related component and a band to band recombination component. In our case, the fast component typically contributed to 70−80% of the data, whereas the slow component contributed to 20−30% of the decay curve.
As excitation intensity is increased from 0.462 to 46200 mW/ cm 2 , the lifetime of both components decreased ( Figure 3C,D) , providing evidence that in this regime, traps (likely due to surface states and crystallographic defects) are already filled and multielectron processes are accelerating recombination kinetics. In addition, the as-grown NWs show consistent behavior, whereas Zn-doped NWs exhibit a much larger spread ( Figures  4E,F and S4 ) in their lifetime values. This variation of optical properties is likely a result of the high temperature annealing in a Zn and P rich environment and may stem from the addition or elimination of various defects that may vary from wire to wire. This result indicates that the homogeneity of the NWs through the doping process could be improved and the effects of optical heterogeneity on the overall device performance remain an open question.
Flat Band Potential Measurement. In this section, we examine the effects of Zn doping on the flat band potential of the InP NWs using open circuit photovoltage (OCP) and Mott−Schottky measurements. The flat band potential and interfacial band bending of the InP NWs were optimized by varying the temperature of the thermal diffusion Zn doping process. At elevated temperatures, Zn diffuses rapidly through the InP lattice. 61, 62 Therefore, the primary factor that controlled the resulting concentration of Zn in the InP lattice 
Article DOI: 10.1021/acsnano.6b02083 ACS Nano 2016, 10, 5525−5535 was the temperature dependent partial pressure of gaseous Zn. 63 OCP measurements were first utilized to test the degree of band bending at the InP surface after the doping process. Briefly, after the ZnP thermal diffusion, an atomic layer deposition (ALD) titanium dioxide (TiO 2 ) layer was deposited onto the NW surface as a protection layer. The TiO 2 acts as a protection layer and an electron selective contact and is commonly used with InP photocathodes. 14, 15, 64 The InP/TiO 2 heterostructure features type II band alignment. The majority of the band bending occurs at InP at this interface, which is subsequently probed. Following the TiO 2 deposition, an indium−gallium eutectic was used to make an ohmic contact to the backside of the Si chip. In a three-electrode setup with a carbon foil counter and Ag/AgCl reference electrode, the working electrode potential was measured under dark and under one-sun illumination.
When the InP electrode is illuminated at open circuit, electrons from the valence band are promoted to the conduction band, are driven to and build up at the semiconductor-electrolyte interface, leading to a splitting of quasi-Fermi levels of electrons (E F,e ) and holes (E F,h ) ( Figure  5C ). The degree of quasi-Fermi-level splitting is measured by the change in the working electrode voltage under light and dark conditions. This is an estimate of the attainable photovoltage under PEC operating conditions. 65, 66 When considering the optimal doping level for our NW electrodes, of importance was to achieve a high enough doping level to support a full built-in electric field (i.e., not depleted through the entire NW diameter), without introducing an excessive amount of defects. Excess defects can act as recombination centers and decrease the photovoltage. The depletion width, W, is defined for a one-dimensional interface by
where ε 0 is vacuum permittivity, ε is the InP dielectric constant, ΔV is the potential difference between InP and the redox couple in solution or Fermi level of a semiconductor in the case of a heterostructure and the InP Fermi level, e is the elementary charge and N d is the carrier concentration. At insufficient carrier concentrations W is larger than the NW radius and a full built-in electric field cannot be supported. W is plotted as a function of N d ( Figure S5 ) and the results indicate that for a NW 500 nm in diameter, a N d of at least 10 16 /cm 3 is required. A series of systematic OCP measurements as a function of ZnP annealing temperature were performed ( Figure 5A ). Undoped InP displayed a negative OCP, indicating an upward band bending at equilibrium and likely an initial n-type character. The OCP was positive across our experimental range of annealing temperatures (400−700°C), maximizing at 550°C until decreasing again. This is likely explained by the following: the NWs annealed at lower temperatures (400−450°C) are still fully depleted across their diameter. At optimal annealing temperatures (500−600°C) the InP has an optimum carrier concentration and is no longer fully depleted. Higher temperature annealing (650−700°C) leads to an increase in defects, through either excessive Zn incorporation or through thermal degradation, and OCP is likely reduced through defectinduced recombination. These results would estimate that the optimized InP NWs have a carrier concentration in the range of 10 16 −10 17 /cm 3 . An OCP plot from an optimized InP photocathode annealed at 550°C is presented in Figure 5B . At open circuit conditions, the electrochemical potential is at equilibrium with the primary redox couple in the acidic solution (H + /H 2 ) at ∼0 V vs RHE. Upon illumination and subsequent quasi-Fermi level splitting the measured voltage increases to ∼0.65 V vs RHE. This can be viewed functionally as where the InP NWs can begin to generate a photocurrent. To determine whether this OCP measurement is close to the true value of the flat band potential, we measured the OCP as a function of illumination intensity. As presented in Figure 5C , the OCP initially increases with increasing illumination intensity until 100 mW/cm 2 , indicating that in this region, the OCP is likely dominated by the effects of nonradiative recombination. At illumination intensities higher than 100 mW/cm 2 , the OCP increases at a much lower rate. This is evidence that at quasi-static equilibrium, the trap states are mostly filled, and the quasi-Fermi level splitting is nearly maximized and thus approaches the true flat band potential.
The flat band potential was also independently measured via Mott−Schottky measurements. This particular technique measures the capacitance of the space-charge region (C sc ) in 
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where A is the area of the semiconductor-electrolyte interface, N d is the carrier concentration, E is the applied potential, E fb is the flat band potential, and k is the Boltzmann constant. The Mott−Schottky plot for our optimized InP photocathodes in a commonly used frequency range for this material is depicted in Figure 5D . The flat band potential can be measured and is determined to be at ∼0.7 V vs RHE. Importantly, this value converges with the flat band value measured through OCP measurements, providing confidence that we are indeed recording the C sc in this measurement. This flat band potential falls within the 0.6 to 1.1 V range typically measured for InP cathodes. 14−16,64,68−70 Although a fully quantitative determination of carrier concentration is not possible due to uncertainties in the absolute area and the variability of slope under different frequencies, the carrier concentration in the InP was roughly estimated using double layer capacitance to record the surface area and was found to be in the range of ∼2−8 × 10 16 /cm 3 ( Figure S7 ). Additional improvements in maximizing photovoltage and flat band potential can potentially be made through modification of the TiO 2 ALD process, minimizing crystallographic defect density, or introducing built-in junctions through surface modification; these efforts may be pursued in future works. 14,43,71−73 Photoelectrochemical Half-Cell Performance. After optimizing the doping procedure through OCP measurements, the InP NW photocathode's photoelectrochemical performance was tested. First, platinum nanoparticles were photodeposited from a solution of Pt salt dissolved in a water−methanol mixed solvent (see Experimental Methods section for details). After optimization, this method yielded a well-dispersed coating of ∼5.4 ± 1.9 nm Pt particles on the InP surface ( Figures 6A and  S8) . The Pt-loaded InP photocathode performance was then measured under chopped illumination in an acidic electrolyte ( Figure 6B) . Out of 11 devices tested under these conditions, the average current density at 0 V vs RHE was recorded to be 15.2 ± 2.0 mA/cm 2 . The onset potential of ∼0.6 V vs RHE is in good agreement with the flat band potential measured through OCP and Mott−Schottky measurements. Quantitative gas product measurement was utilized to confirm that the origin of this photocurrent primarily stemmed from H 2 production ( Figure S9 ). One metric used to quantify photocathode performance is the half-cell efficiency. The efficiency, depicted as η, was calculated through
where P incident was 100 mW/cm 2 . Although the actual device efficiency will depend on the photoanode performance, among other variables, this metric is useful for comparing to other photocathodes in the literature. The half-cell efficiency of our InP photocathode ( Figure 6B ) of 4.0% is comparable to that of InP NWs grown on InP substrates, indicating that using lowcost Si growth substrates may be a promising avenue for further development of such photocathodes. 16 However, this half-cell efficiency was still lower than record InP devices, indicating that there is room for further improvement. 15 The InP photocathode's current voltage and stability curves were also tested in neutral and basic electrolytes ( Figure S10) . In neutral and basic electrolytes, the InP fill factor was not as high as that of the InP in acidic conditions, likely due to differences in surface catalysis kinetics. Chronoamerometric scans of the InP in all three conditions were tested through chronoamperometric measurements over the span of 10 h or more. The photocurrent typically decayed to 50−70% of its initial value before stabilizing. Further improvements can be made by developing and enhancing the protection layer and catalyst adhesion.
Overall Water Splitting. To explore the prospects for InP NWs as building blocks in integrated water splitting systems, we sought to combine the InP photocathode with a lightabsorbing photoanode to generate a proof of concept system. We chose bismuth vanadate (BiVO 4 ) as the photoanode component as it has recently been demonstrated to function efficiently in a half cell configuration. Furthermore, BiVO 4 can absorb photons with energies greater than 2.4 eV, rendering it promising to both spectrally match with low band gap semiconductor photocathodes and also attain a maximum photocurrent density of 7.5 mA/cm 2 . This is not possible with high band gap photoanodes such as TiO 2 . 3 We fabricated BiVO 4 photoanodes coated with a CoPi oxygen evolution catalyst according to a previously published procedure. 74−76 Due to the lack of stability of BiVO 4 in acidic conditions, the InP−BiVO 4 tandem was tested in neutral pH. In this experiment, a two optical path configuration was utilized as a result of the high degree of light scattering of the BiVO 4 electrode ( Figure 7A) . The half-cell photocurrent curves of InP and BiVO 4 electrodes under the same operating conditions are The crossover in the current−voltage curves (B) is an estimate of the photocurrent generated from unassisted water splitting. In a two optical path configuration, ∼0.8 mA photocurrent is generated without an applied bias (C).
Article DOI: 10.1021/acsnano.6b02083 ACS Nano 2016, 10, 5525−5535 plotted in Figure 7B . The crossover at ∼0.85 mA/cm 2 indicates that this magnitude of unassisted water-splitting current should be attainable in a two electrode configuration. Indeed, under illumination the InP−BiVO 4 tandem system generates 0.82 ± 0.04 mA per two electrodes with an area of 1 cm 2 each, corresponding to a solar to fuel efficiency of 0.5%. Although this efficiency is ∼4 times the magnitude of our previous Si/ TiO 2 tandem system, there is still much room to improve. 3 Aside from the continued development of the InP photocathodes, future work will include utilizing photoanodes with higher photocurrent at more negative potentials and increased sub-band-gap transmission that will allow for one optical path ( Figure S15 ) to be used. 77 
CONCLUSIONS
In this study, we developed the growth and application of InP NWs as the light-absorbing photocathode component of PEC cells. The growth of InP NWs was found to proceed via both a self-seeded axial growth and a radial epitaxial growth. This resulted in WZ phase InP NWs whose geometry can be readily tuned over 2 orders of magnitude. Their integration on Si substrates renders them promising for potential scale-up applications. To utilize the InP NWs as photocathodes, we doped them with Zn. The optimized NWs exhibit a 4.0% light to hydrogen efficiency in a half-cell configuration. When combined with a light-absorbing photoanode in a tandem system, a 0.5% overall water splitting efficiency can be achieved. The present work represents the initial development of WZ InP NWs on silicon with many promising avenues to further improve.
EXPERIMENTAL METHODS
Nanowire Growth. InP NWs were grown primarily on Si ⟨111⟩ chips, degenerately p-type doped (∼0.001Ω/cm). Prior to growth, the Si chips were cleaned by sonication in acetone, followed by isopropyl alcohol, then water for 10 min in each solvent. The Si chips were then immersed in a 6:1 buffered oxide etch to remove the native oxide layer and briefly dipped into a lactate solution for further impurity removal. The InP NWs were grown in a Thomas Swann 1 × 3 CCS MOCVD. All growth occurred under a 75 Torr hydrogen environment. Prior to growth, the substrates were heated to 520°C and TBP was flowed through for 3 min at 500 SCCM (2331 μmol/min). Following the TBP treatment, the substrates were cooled to 520°C and TMIn and TBP were flown through for the desired time. The typical flow rates were 15 SCCM TMIn (2.5 μmol/ min) and 500 SCCM TBP. Following the growth, the InP NWs were cooled to room temperature under a TBP flow of 100 SCCM. A growth schematic is depicted in Figure S1 . BiVO 4 Synthesis. BiVO 4 synthesis was performed in accordance to a previous report to produce nanoporous BiVO 4 on fluorine-doped tin oxide (FTO) coated glass slides. 74 First a precursor solution of 0.04 M Bi(NO 3 ) 3 and 0.4 M KI at pH 1.7 was prepared. Next, benzoquinone dissolved in ethanol was added to the solution. From this solution, a BiOI film was cathodically deposited onto an FTO electrode at 0.1 V vs Ag/ AgCl for 20 min (Figures S10 and S11 ). Following the BiOI deposition, a small amount of DMSO containing 0.2 M VO(acac) 2 was drop-cast onto the BiOI-coated FTO electrode. The electrodes were next annealed at 450°C for 2 h to convert the BiOI into BiVO 4 . After annealing, the excess vanadium precursor was removed through a brief soak in 1 M NaOH.
Prior to PEC testing, an amorphous cobalt phosphate catalyst was photoelectrochemically deposited (60 s. at 1.3 V vs Ag/ AgCl) in a pH 7, 0.1 M potassium phosphate buffer containing 0.5 mM Co(NO 3 ) 2 .
Atomic Layer Deposition. Amorphous titania films were deposited at 120°C using TiCl 4 and water as titanium and oxygen precursors, respectively. A home-built thermal ALD was utilized to complete this process. Both precursors were held at room temperature. Nitrogen was used as both the purge gas and precursor carrier gas at a flow rate of 10 SCCM. Pulse times were 0.2 s for TiCl 4 and 0.1 s for water. The amorphous titania was deposited at a rate of 0.5 nm/cycle. Typically, 600 cycles were performed on the InP films to achieve a coating thickness of 30 nm.
Physical Characterization. The NW morphology was characterized with a JEOL 6340F FE SEM at an accelerating voltage of 5 kV. Low resolution TEM imaging and electron diffraction was performed with a Hitachi H-7650 TEM at an accelerating voltage of 120 kV. High resolution TEM imaging was performed with a FEI Tecnai F20 UT electron microscope operated at 200 kV accelerating voltage. High angle annular dark field scanning transmission electron microscopy images were acquired with a FEI TitanX microscope operated at 300 kV accelerating voltage. Image analysis such as particle size determination was carried out with Digital Micrograph and ImageJ software. Digital Micrograph software was used for processing of high resolution TEM images. X-ray diffraction spectra were collected using a Bruker D8 Advance diffractometer (Cu Kα, λ = 0.154 nm) and a Bruker D8 GAADS diffractometer (Co Kα, λ = 0.179 nm).
Zinc Doping. Doping with Zn was performed via thermal annealing using zinc phosphide powder as a source of zinc and to maintain a phosphorus rich atmosphere during the process. The InP NW/silicon chip was placed in a ceramic crucible 2 mm above the ZnP powder and covered with a glass lid, similar to a sublimation furnace configuration. A slow flow of 10% H 2 / Ar was maintained throughout the process.
Optical Characterization. All optical measurements were performed at room temperature. Steady state photoluminescence spectra were acquired with a Horiba Jobin-Yvon Labram HR confocal Raman system. An excitation wavelength of 532 nm was employed using a diode laser. TRPL measurements were performed with a PDM-50 avalanche photodiode input to a Picoharp300 time-correlated single photon counting module. The excitation source was the second harmonic (402 nm, 300 kHz, 150−200 fs) of a Coherent RegA amplifier seeded by a Coherent Mira oscillator.
Electrochemical and Photoelectrochemical Characterization. Electrochemical data were acquired using a Biologic VMP 300 potentiostat and EC Lab electrochemistry software. Typically, 1 M HCl was utilized as the acidic electrolyte, 1 M potassium phosphate buffer (pH 7) as a neutral electrolyte, and 1 M NaOH as the basic electrolyte. A 300 W xenon lamp with an AM 1.5G filter was used as the light source. The incident power on the electrode was measured using a calibrated silicon photodiode.
Platinum Photodeposition. Pt nanoparticles were photodeposited onto the photocathode surface. This was accomplished first by mixing a 4:1 solution of water:methanol containing 0.05 mM H 2 PtCl 6 . The photocathode was immersed in the solution and illuminated with 1 sun irradiation for 15 s. In this process, the Pt(IV) is reduced to elemental Pt particles on the surface with photogenerated electrons and the
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Article DOI: 10.1021/acsnano.6b02083 ACS Nano 2016, 10, 5525−5535 photogenerated holes are quenched by oxidizing methanol. Following this, the photocathode was rinsed thoroughly with water and a linear sweep measurement was performed to reduce any leftover adsorbed Pt salts on the surface. This process was typically repeated three times.
Product Analysis. Hydrogen was measured with an Agilent 300 micro GC. A batch reactor setup was used with a homebuilt airtight photoelectrochemical cell. Oxygen was detected in real time using a NEOFOX-GT footprint phase fluorimeter coupled with an Ocean Optics oxygen sensor probe.
ASSOCIATED CONTENT

* S Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsnano.6b02083.
Additional TEM analysis, electrochemical and photoelectrochemical measurements. (PDF)
